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Growth hormone receptor (GHR) has been demonstrated to be
nuclear localized both in vivo and in vitro, but the significance of
this observation has remained elusive. Here we show that nuclear
GHR is strongly correlated with proliferative status in vivo by using
a liver regeneration model. In vitro, nuclear translocation of the GH
receptor is GH-dependent and appears to be mediated by the
Importin system. Constitutive nuclear targeting of GHR in murine
pro-B cells is associated with constitutive activation of STAT5, a
transforming agent in lymphoma and other cell types. This acti-
vation is abrogated by inhibition of JAK2 and appears to be driven
by autocrine murine GH action coupled with enhanced nuclear
uptake of phospho-STAT5. Nuclear targeting induces dysregulated
cell cycle progression in the pro-B cell line, associated with consti-
tutive up-regulation of the proliferation inducers Survivin and
Mybbp, the metastasis related Dysadherin, and other tumor mark-
ers. GHR nuclear-targeted cells generate aggressive metastatic
tumors when injected into nude mice, which display nuclear
localized GHR strikingly similar to that seen in human lymphomas.
We conclude that aberrant nuclear localization of GHR is a marker
of high proliferative status and is sufficient to induce tumorigen-
esis and tumor progression.

nuclear translocation � autocrine GH � importin � constitutive STAT5

Growth hormone (GH) is the major regulator of postnatal
somatic growth and an important metabolic regulator. Its

actions are mediated via the GH receptor (GHR), which is
widely expressed by GH target cells. The GHR is a class 1
cytokine receptor and, as a plasma membrane-bound receptor,
is thought to signal exclusively from the cell membrane. How-
ever, the majority of GHR are generally located not at the cell
surface but within the cell. The most intriguing subcellular
location for the GHR has been the nucleus (1). The use of
monoclonal antibodies combined with confocal laser-scanning
microscopy (CLSM) (2) and immunogold electron microscopy
(3) has allowed precise definition of subnuclear localization of
the GHR to the inner and outer nuclear membranes, nucleo-
plasm, and chromatin.

It is now apparent that several growth factors, cytokines, and
their receptors become nuclear-localized, with nuclear localiza-
tion in many cases being necessary for full function, including cell
proliferation (4–6). The functional role of the nuclear GHR is
currently unknown, although a common feature of tissues and
cells demonstrating nuclear GHR appears to be the potential for
a high proliferative status; examples include the chondrocytes of
the epiphysial growth plate (7), the gastrointestinal tract (8),
placenta (9), and preimplantation embryos (10). Nuclear-
localized GHR and high GHR expression have also been re-
ported in a number of cancers, including breast cancer (11),
colorectal carcinoma (12), hepatocellular carcinoma (13), and
melanoma (14). Despite this, rigorous correlation of nuclear
GHR with proliferative status has not been reported. Here we

show that such localization is not only associated with cell
proliferation, but that constitutive nuclear localization can result
in a fully transformed phenotype.

Results
Nuclear Localization of the GHR Is Strongly Correlated with Prolifer-
ative Status in Regenerating Liver. Regenerating liver represents a
controlled model of proliferation in a normal tissue, whereby
after partial hepatectomy, the liver undergoes an almost total
regeneration in 9 days, with hepatocytes reaching their maxi-
mum mitotic index at 36 h after hepatectomy (15). The liver is
a key GH target, with GH known to be required for liver
regeneration (16).

We removed liver sections from sham-operated and partially
hepatectomized rats at 24 h after surgery to coincide with the
first wave of DNA synthesis before the first cell division. A well
characterized antibody to the extracellular domain of the GHR
(mAb 263) (17) was used to detect GHR expression and
localization in this regenerative phase (Fig. 1 a–c). Proliferative
status at the cellular level was ascertained as proliferating cell
nuclear antigen (PCNA), by using mAb PC10 conjugated directly
to fluorescein. GHR-positive nuclei and PCNA-positive nuclei
were counted and expressed as a percentage of total nuclei.
PCNA-positive cells comprised 52 � 9% (mean � SEM, n � 3
animals) of cells in the regenerating liver compared with 2.4 �
1.4% in the control liver. Cells that exhibited nuclear immuno-
reactivity for GHR comprised 67% � 11% in the regenerating
liver compared with 9% � 2% in the control liver. Furthermore,
a strong correlation of r � 0.78 (P � 0.0001) existed at a cellular
level between PCNA expression and nuclear GHR (Fig. 1 e and
f). This finding provides in vivo evidence relating to a functional
role for nuclear GHR.

GHR Undergoes Regulated Nuclear Translocation in Cell Models. We
have utilized a cell model of GH-driven proliferation, the
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progenitor B cell line BaF/3 stably expressing GHR, to investi-
gate the role of nuclear GHR in proliferation. In this model, and
in CHO-K1 lines, we find that nuclear localization of the GHR
WT occurs as a regulated cell cycle-dependent GH-mediated
event, recapitulating previous findings (3) (Fig. 2). mAb 263-
reactive nuclear GHR is essentially absent in cells arrested in G1
phase by serum starvation for 10 h but appears rapidly after
addition of a physiological dose of GH. To confirm this, an HA
tag was placed at the N terminus of the mature GHR WT to
verify the mAb 263 staining pattern with the high-specificity
high-affinity mAb HA11. This showed an identical nuclear
staining pattern (Fig. 2b).

Both the BaF/3 and CHO-K1 cell lines were then used to
determine functional effects arising from the addition of the
canonical tumor antigen (T-Ag) nuclear localization sequence
(NLS) at the N terminus of the mature GHR extracellular
domain (GHR NLS). Inclusion of an intact leader sequence
before the HA tag, NLS, and mature GHR ensured that the
GHR NLS was processed and trafficked to the surface in a
similar manner to GHR WT. Comparable levels of GHR were
demonstrated on the surface of both cell lines by using 125I-GH-
binding studies with intact cells (see Fig. 4d) and by FACS
analysis after immunofluorescent staining with both mAb 263
and anti-HA (not shown). Despite WT surface expression, the
NLS was able to constitutively target the GHR NLS to the
nucleus. As expected, the level of nuclear GHR was much higher
in the GHR NLS-expressing cells, as detected by CLSM (Fig. 2
c and d) and 125I-GH-binding studies with purified nuclear
fractions (not shown). Therefore, the nuclear localization of the
GHR had become independent of the stringent regulation
apparent for the GHR WT and was instead constitutive. Fig. 2

also shows that the full length NLS receptor is present through-
out the nucleus, by confocal scanning light microscopy z-scan
[and supporting information (SI) Fig. 7].

Nuclear Import of GHR Extracellular Domain Depends on Importin
(Imp) �/�. Nuclear import requires recognition by the cellular
nuclear import machinery and, in particular, by members of the
NLS-recognizing IMP superfamily. The best-understood NLS-
dependent nuclear import pathway is that mediated by the
IMP�/� heterodimer (18). It is known that the extracellular
domain of the GHR (GHBP) can translocate to the nucleus,
because antibodies to the alternatively spliced C terminus of the
GHBP reveal nuclear localization in vivo (19). To ascertain the
role of IMPs in GHR nuclear localization, a GHR extracellular
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Fig. 1. Nuclear localization of GHR in regenerating rat liver. (a–c) Liver from
a control animal (a) and 24 h after hepatectomy (b and c) is shown. GHR
localization was detected with MAb 263 (left image) and proliferation as
PCNA with mAb PC10-FITC (second image). Nuclei were stained with DAPI
(third image). The merged image in the fourth image is for GHR and PCNA
immunoreactivity. Blue nuclei in Right represent DAPI staining, whereas white
nuclei colocalize all three. Higher magnification (�60) shows more detail in
regenerating liver 24 h after hepatectomy (c). Negative controls for staining
specificity where primary antibody (mAb 263) was omitted showed no stain-
ing (not shown). (d and e) Correlation plots show the correlation between
fluorescence intensity for mAb263 (GHR) and mAb PC10 (PCNA) in the nuclei
of randomly chosen hepatocytes at 24 h after confocal scanning light micros-
copy in Hx (d) and sham Hx (e) livers.

Fig. 2. Nuclear translocation of GHR occurs in response to GH. Immunoflu-
orescence/CLSM imaging shows rapid GH-dependent nuclear translocation of
GHR in CHO-K1 and BaF stable lines. GHR was detected by mAb 263 and
FITC-coupled secondary antibody. (a) After 10-h serum starve, nuclear immu-
nofluorescence was absent in CHO-GHR cells. (b) Addition of GH (100 ng/ml,
5 nM) resulted in rapid accumulation of GHR around the nuclear membrane
at 1 min, followed by nuclear localization, which reaches a maximum at 10-min
CLSM with anti-HA for HA-tagged GHR also shows rapid GH-dependent
nuclear translocation of GHR in BaF-GHR WT stable lines. (c and d) Addition of
the T-Ag NLS to the N terminus of mature GHR resulted in constitutive nuclear
localization of GHR in the absence of GH, in both CHO-K1 (c) and BaF (d) cells.
(e) Location and sequence of NLS are shown in e. (f) Quantification of 4.1 �m
confocal scanning light microscopy z-scan of NLS-GHR transiently transfected
COS cell, scan across one cell. Nucleus is DAPI stain (blue line), HA tag (N
terminus, FITC, green) colocalizes with FLAG tag (C terminus, TRITC, red),
quantified by scan across nucleus.

13332 � www.pnas.org�cgi�doi�10.1073�pnas.0600181104 Conway-Campbell et al.

http://www.pnas.org/cgi/content/full/0600181104/DC1


domain construct (GHBPC) was created that possessed a Cys
residue substituted at position 237 to enable fluorescent labeling
by using the Cys-specific f luorescein derivative iodoacetamido-
fluorescein (IAF) (SI Text). GHBPC-IAF accumulated in the
nucleus of mechanically perforated cells in the presence of
exogenous cytosol (Fig. 3a) to maximal levels (Fig. 3b) over five
times those in the cytoplasm, comparing well to the levels for the
control protein T-Ag-GFP containing the T-Ag NLS (nuclear to
cytoplasmic ratio (Fn/c) of nearly 4). Half-maximal accumula-
tion was achieved somewhat more slowly (�7 min) than for
T-Ag-GFP (�5 min). Nuclear accumulation in the absence of
exogenous cytosol was severely reduced as for T-Ag-GFP,
implying that cytosolic factors were required for GHBP nuclear
import. Accumulation in the presence of cytosol depended on
both IMP� and IMP�, because antibodies to either reduced
nuclear accumulation of GHBPC-IAF to levels comparable to
those in the absence of cytosol.

Native gel electrophoresis (Fig. 3c) was used to test whether
IMP�/� was able to recognize GHBPC directly. This showed that
IMP�/� binds GHBPC, resulting in altered mobility in the native
gel (Fig. 3c Left), in comparable fashion to the control molecule
T-ag-GFP (Fig. 3c Right). These results are consistent with GHR
nuclear import depending on IMP�/�, as it is for ErbB2 (6).
However, they do not address the issue of how the membrane-
bound receptor enters the cytoplasm. This translocation may use
the Sec61 ER translocon, because proteomics analysis shows that
the GHR associates with BiP (H.S.C. and M.J.W., unpublished
work), which binds to the luminal side of this translocon.

Effects of Increased GHR Nuclear Targeting on Proliferative Status in
Vitro. We asked whether GHR NLS results in a change in the
proliferative status of BaF/3 cells. BaF/3 proliferation normally
depends on the presence of IL3, but stable transfection with
other cytokine receptors (e.g., GHR) enables these cells to grow
with the relevant cytokine in the absence of IL3. Unlike mature
B cells, BaF/3 cells have no endogenous GHRs. Although no
proliferative difference was observed between GHR WT and
GHR NLS lines on the maximal dose of GH (Fig. 4a Top), there
was a striking difference when GH was withdrawn from the
media. BaF-WT GHR lines rapidly exited the cell cycle (Fig. 4a
Lower Left and Center). In contrast, BaF-GHR NLS lines
proliferated in serum alone, even in the absence of either IL3 or
GH (Fig. 4a Lower Right). This effect was quantified by using
3H-thymidine incorporation. No 3H-thymidine incorporation
was evident in BaF-GHR WT lines in response to serum alone,
whereas robust proliferation was evident in BaF-GHR NLS lines
(Fig. 4b). GH dose–response proliferation assays also showed

that the NLS lines were exquisitely sensitive to low levels of GH
(20-fold decrease in ED50; Fig. 4c and SI Fig. 8). This difference
was not a result of increased surface receptor expression, as
determined by Scatchard analysis (SI Fig. 8), and verified by
FACS analysis (not shown). Increased sensitivity was also not the
result of altered affinity for GH, as this was not different
between WT and NLS-GHR cells (SI Fig. 8).

Fig. 3. Nuclear accumulation of GHR in vitro is mediated by a classical nuclear import pathway involving Imp� and -�. (a) CLSM visualization showing localization
of T-Ag-GFP (Upper) and GHBPC (GHBPC-IAF) (Lower) in mechanically perforated HTC rat hepatoma cells in the absence or presence of cytosol or cytosol with
anti-IMP� antibody. (b) Quantitative measurements of the kinetics of nuclear accumulation of GHBPC (Left) and T-Ag-GFP (Right), �/� exogenous cytosol in the
absence or presence of specific antibodies to IMP� or IMP�. [Data were fitted for the function Fn/c(t) � Fn/cmax � (1� e-kt], where t is time, Fn/cmax is the maximal
level of nuclear accumulation, and k is the first-order rate constant. (c) Recognition of GHBPC by the IMP �/� heterodimer as indicated by native gel electrophoresis
imaging; 25 pmol GHBPC-IAF or T-Ag-GFP was incubated in the absence or presence of 10 �M IMP�/� heterodimer for 15 min at 20°C, before electrophoresis.
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Fig. 4. Effect of increased GHR nuclear targeting in a cell model. In a
subconfluent culture with GH support, both BaF-GHR WT and NLS lines
undergo mitosis, with 60% in G1 phase and 40% in S/M phase (a Upper).
However, upon the withdrawal of cytokine support (in the form of GH or IL-3),
only the BaF-GHR NLS lines proliferate (a Lower; only 21-day sort shown for
NLS line, exemplifying earlier timepoints). (b) BaF-GHR NLS lines continue to
proliferate in the absence of GH and IL-3, with the support of fetal bovine
serum. (c) NLS-GHR lines show a dramatic increase in the sensitivity to GH as
measured by [3H]thymidine incorporation assay (20-fold decrease in ED50, i.e.,
10 pM for NLS, compared with 200 pM for WT in 1.0% serum). Results were
confirmed in three separate population studies and clonal lines from three
separate transfections.
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Microarray Analysis of BaF/3 Lines. Microarray analysis was used to
identify genes expressed differentially between BaF-WT GHR
and BaF-GHR NLS lines (SI Fig. 9). The constitutive transcripts
up-regulated in BaF-GHR NLS were increased 2.5–4 fold in
GHR-WT cells 1 h after GH addition. These transcripts included
some that increase in highly proliferating tissues (regenerating
liver or neuronal tissue recovering from trauma) (Phgdh, F2r,
and Ctsc), and in cancers, (Phgdh, F2r, Ctsc, Mybbp1a, Eif5a, and
dysadherin). Northern blot analysis was performed for some of
these transcripts (Phgdh, Ctsc, Mybbp1a, and Survivin) and
showed they remain up-regulated during the entire 6-h experi-
ment in BaF-GHR NLS lines (SI Fig. 9). Among the transcripts
down-regulated in BaF-GHR NLS relative to BaF-WT GHR
was Gata-1, which is normally associated with maturation/
differentiation of erythroid, megakaryocytic, and hematopoietic
lineages. Other transcripts were present at low levels in BaF-
GHR NLS [Stim1, Kai (tumor suppressors), Emb, Rfc2, and
Mki67], and their expression was repressed in BaF WT-GHR
cells by GH treatment for 1 h (data not shown).

The majority of GH-regulated genes, including metabolic
enzymes, did not show differential regulation in the two cell
lines, suggesting that basic metabolic functions of GH are not
influenced by nuclear targeting of the GHR and are not regu-
lated by nuclear translocation of GHR (SI Table 1).

Oncogenic Transformation by Nuclear GHR. Previous studies have
used BaF/3 cells as a model of oncogenic transformation into
pre-B cell leukemias in vivo, induced by oncogenes such as v-Abl,
TEL-JAK, or NOK (20). We therefore examined the ability of
BaF-WT GHR and BaF-GHR NLS to form tumors in an
athymic nude mouse model. s.c. inoculation of BaF-GHR NLS
cells led to rapid tumor formation in vivo, whereas BaF-WT
GHR did not form tumors (Fig. 5 a and b). Importantly, no
tumors were observed in the BaF-WT GHR group over 50 days.
s.c. tumor samples and lymph nodes were taken from all
BaF-GHR NLS mice, as well as a liver sample from one of the
group, and stained by H&E (Fig. 5c). Immunofluorescence to
the HA tag of the introduced GHR was used to verify that the
tumors were composed of the BaF-GHR NLS cells (Fig. 5d). The
BaF-GHR NLS cells were noted to have invaded the stromal

compartment in each case. Moreover, the tumor cells were also
observed in all lymph nodes collected and in the liver sections.

To establish the clinical relevance of these observations,
sections of highly proliferative lymphomas from four patients
were immunostained for GHR (see SI Text). Intense nuclear
localization of the receptor was evident in most neoplastic
lymphoid cells within the encapsulated compartment of the
lymph node, whereas few nuclei were stained in normal lymph
nodes (Fig. 5e and SI Fig. 10). These results suggest that nuclear
GHR is associated with tumorigenesis and tumor metastasis.

Mechanism of Transformation. To ascertain the basis for transfor-
mation by nuclear localization, we examined signaling interme-
diates in BaF-GHR lines. As shown in Fig. 6a, tyrosine phos-
phorylation of both JAK2 and the GHR in the BaF-NLS was
comparable to that in BaF-WT cells in response to GH addition,
with no convincing evidence of constitutive phosphorylation.
However, constitutive phosphorylation of STAT5 was evident in
the NLS cells (Fig. 6 c, d, and i), and this could be abrogated by
addition of a potent JAK2 inhibitor, JAK inhibitor 1. Because
STAT5 is a growth and transforming agent (21, 22) we measured
constitutive proliferation in the presence of the JAK2 inhibitor
and found it to be blocked in the BaF-NLS cells (Fig. 6b). To
determine whether the constitutive STAT5 activation was a
result of activation of the rabbit GHR by autocrine mouse GH,
we made BaF lines expressing human GHR-NLS, because the
human GHR cannot be activated by mouse GH. As shown in Fig.
6e, these cells did not proliferate independently of added human
GH and did not display constitutive STAT5 phosphorylation,
although the human GHR was indeed nuclear targeted in these
cells (SI Fig. 11b). Accordingly, our BaF cells express the
transcript for mouse GH (SI Fig. 11a), verifying a previous study
reporting expression of mouse GH protein in BaF cells (23).
Moreover, siRNA knockdown of endogenous murine GH
blocked constitutive proliferation (Fig. 6g), as did addition of
exogenous G120R human GH antagonist (Fig. 6f ). The presence
of glycosylated mature GHR in highly purified nuclei (Fig. 6h)
is consistent with nuclear translocation of full length receptor
from the cell surface (although immature form is also present).
Importantly, nuclear uptake of phospho-STAT5 in response to

Fig. 5. s.c. inoculation of BaF-GHR NLS cells results in rapid tumor formation in vivo. (a) BaF-GHR NLS cells give rise to aggressive metastatic tumors when injected
s.c. into nude mice. (b) Quantitative data over a 16-day period are shown graphically. (d Upper) No tumors were observed in the BaF-GHR WT or the BaF-NLS
(as a negative control for the NLS sequence) group. HA-GHR immunofluorescence by using TRITC second antibody shows the tumors are derived from BaF HA-GHR
NLS cells. (d Lower) A negative control omitting the primary anti-HA antibody shows staining specificity. (c) s.c. tumor samples and lymph nodes were taken from
all BaF GHR NLS mice, as well as a liver sample from one of the group, and stained by H&E. (e) Nuclear localization of GHR in human lymphoma. (f) Negative control
for staining in human lymphoma where primary antibody (mAb 263) is omitted.
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exogenous GH was enhanced in NLS-GHR BaF cells, and
STAT5 was coimmunoprecipitated with HA-GHR in the nu-
cleus, even in the absence of GH with NLS-GHR BaF cells (Fig.
6j). More phospho-STAT5 is present in purified nuclei of
NLS-GHR cells both in the basal state (2.0-fold) and after GH
(Fig. 6i). confocal scanning light microscopy immunofluores-
cence also showed increased nuclear STAT5 in NLS-GHR cells,
which colocalizes with the HA-GHR epitope (SI Fig. 12).

Discussion
We report here that nuclear GHR correlates with high prolif-
erative status in vivo (in the regenerating rat liver model) and in
vitro (BaF lines), and that constitutive nuclear targeting of GHR
causes a dysregulation of proliferative arrest and induction of cell
cycle progression, resulting in oncogenesis. This appears to be a
result of enhanced nuclear translocation of phospho-STAT5
generated at the cell surface by autocrine GH, most probably in

association with nuclear-targeted GHR. Other proliferative
signals such as phosphatidyl inositol 3-kinase/Akt presumably
contribute to the constitutive proliferation (23). Johnson et al.
(5) have shown that the liganded IFN-� receptor can translocate
phospho-STAT1 to the nucleus, and our data are consistent with
this mechanism. However, we cannot exclude direct transcrip-
tional actions by the nuclear receptor as reported for the
epidermal growth factor receptor (4).

The normally limited period of nuclear localization of GHR
after GH addition (1 h; ref. 3), which coincides with cell cycle
initiation, may prevent cell transformation. However, we suggest
that excessive nuclear uptake or extended residence time of
GHR in the nucleus could result in cell transformation. We note
that, although the GHR lacks a consensus NLS, it does associate
with Imp�� (Fig. 3), and this interaction could be enhanced
through association with NLS-containing proteins such as
CoAA, which bind to the GHR in a GH-dependent manner

Fig. 6. Mechanistic studies. (a) Activation of WT and NLS GHR in BaF lines as determined by tyrosine phosphorylation of JAK2 and GHR in phosphotyrosine
immunoblots. BaF-GHR WT or NLS lines were serum-starved for 6 h and then treated with human GH (100 ng/ml) (�) or saline (�) for 10 min. (b) Proliferative
response of BaF lines, and abrogation of this with JAK2 inhibitor 1 (Calbiochem, San Diego, CA) at 0.4 �M, using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide assay (MTT) (SI Text). (c) STAT5 activation in BaF lines showing constitutive activation in BaF-NLS and abrogation by JAK inhibitor, with
quantification for three independent experiments (d). (e) Proliferation of BaF lines from 0.5 � 106 cells showing lack of constitutive proliferation with NLS-human
GHR cells. ( f) G120R (0.6 �M) blocks constitutive proliferation of NLS-rbGHR expressing cells growing in charcoal stripped serum (g) siRNA to murine GH inhibits
constitutive proliferation in charcoal stripped serum (h) mature and precursor full-length GHR in highly purified BaF cell nuclei prepared according to (28). (i)
Enhanced basal (2.5-fold by densitometry) phospho-STAT5 (Cell Signaling clone 14H2, Y694) in purified nuclei of NLS-rbGHR BaFcells. Histogram shows
quantification of three separate preparations, mean � SEM (j) STAT5 coimmunoprecipitation with nuclear GHR, even in the basal state with NLS-GHR BaF cells.
(k) �-Actin immunoblot comparing whole-cell and nuclear �-actin with 10 �g of protein, demonstrating purity of nuclei in i.
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(B.L.C.-C, J.W.W., and M.J.W., unpublished work). We also
note that it is likely that the GHR translocates from the cell
surface, because a portion of nuclear GHR possesses mature
glycosylation and has similar kinetics of nuclear uptake as
exogenous GH (Fig. 6 and ref. 2).

The recent finding that autocrine production of GH in human
breast epithelial cells is able to induce cellular transformation
through a GHR-dependent mechanism (24, 25), whereas exog-
enous human GH is nontransforming, is relevant to our findings.
There is a positive correlation between human mammary pro-
liferative disorders (particularly metastatic carcinoma) and
autocrine human GH (26), and the enhanced sensitivity of
nuclear GHR to the proliferative action of GH would mean that
such cells would be driven to proliferation and potentially
transformation. The increased dysadherin transcript expression
we observed is consistent with the metastatic ability of cells with
nuclear-localized GHR, because dysadherin is thought to desta-
bilize cadherin-based cell-cell contacts (27). Similarly, constitu-
tive expression of transcripts for the proliferation-related
proteins Survivin, MybBP1a,and PhgDH in cells with nuclear-
targeted GHR supports its role in proliferation.

The ability of nuclear-localized GHR to induce tumor
formation could have important clinical implications. Our
findings indicate nuclear GHR as a novel target in the
treatment of proliferative disorders, and strategies aimed at
blocking nuclear translocation of the GHR could result in
useful cancer therapeutics.

Experimental Procedures
Animal Experiments. Partial hepatectomy was performed on male
12-week-old Wistar rats according to ref. 29, with authorization
from the University of Queensland Animal Ethics Committee. At
24 h after surgery, the animals were killed, and the remnant liver
removed and transferred into 4% paraformaldehyde fixative.

Immunofluorescence Staining, Microscopy, and Quantification. Para-
formaldehyde-fixed OCT section of livers were examined for
GHR immunoreactivity by using mAb 263 (17), revealed by
biotinylated anti-mouse IgG and Streptavidin-Texas red, as
detailed in SI Text. Proliferating cells were identified with
FITC-conjugated PCNA antibody (clone PC10).

GHR in CHO-K1 and BaF/3 cells was visualized by using mAb
263 or HA (clone 16B12) or FLAG antibody followed by
anti-mouse TRITC, as in SI Text. DAPI was used to visualize
nuclei.

Plasmid Construction. An HA-tagged rabbit GHR (rbGHR) con-
struct (GHR WT) was created as described (30), together with an
NLS sequence-containing plasmid (GHR NLS). The NLS rbGHR
was created by ligating annealed double-stranded oligonucleotides
coding for the NLS of the simian virus 40 large T-ag between the
HA tag and the full-length GHR.

Nuclear Import Assay. Nuclear import kinetics was analyzed at the
single-cell level in vitro by using mechanically perforated HTC
cells with CLSM, as described in ref. 31 and in SI Text.

Cell Culture and Treatments. BaF/3 cells were grown in RPMI
medium 1640/10% Serum Supreme/100 units/ml IL-3. BaF/3
cells expressing WT and mutant GHR were supplemented with
5 nM human GH instead of IL-3 to maintain receptor expression.
Cells for the GH-stimulation experiments were incubated in
0.5% serum for 10 h and then treated with 100 ng/ml human GH
for times as indicated. Proliferation assays using [3H]thymidine
incorporation were as described (30).

Microarray Procedures. Fluorescently labeled cDNA probes were
prepared from 30 �g of total RNA and labeled with Alexa 555
for the BaF probes or Alexa 648 for the reference probes. The
probes were hybridized to Compugen Oligo arrays, then scanned
on a G418 scanner (Genetic Microsystems, Woburn, MA).

Tumorigenicity in Nude Mice. Two million cells in 50 �l of RPMI
medium 1640/10% FCS were injected s.c. into each of four sites
on three 6- to 8-week-old male athymic nu/nu mice. 3D mea-
surement was performed twice weekly and the tumor volume
expressed as mm3. Statistical analysis of tumor growth curves was
performed by using a permutation test with 10,000 iterations.
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